We studied eight healthy subjects with a whole-scalp 306-channel neuromagnetometer to explore the effect of motor activity from different body parts on somatosensory responses to left median nerve stimulation. The stimuli produced clear tactile sensation without any motor movement. In the rest condition, the subject had no task. During contraction conditions, the subject had to maintain submaximal isometric contraction in masseter, left deltoid, left thenar, or left tibialis muscles. Short-latency responses from the primary somatosensory cortex did not change during contraction. Responses from both the right (contralateral) and left second somatosensory cortices (SII) were significantly enhanced during contraction of the left thenar muscles. Responses from the left SII were significantly enhanced also during contraction of the left deltoid muscles, but they were decreased during contraction of the masseter and left tibialis anterior muscles. This study implies that SII activation is modulated by motor activity and that the effect depends on the topographical proximity of the stimulated and contracted body parts.
INTRODUCTION
Functions of somatosensory and motor cortices are closely related. The primary motor cortex receives somatosensory inputs from the thalamus and from the primary and second somatosensory cortices SI and SII (Jones and Powell, 1968; Zarzecki et al., 1978) . On the other hand, both SI and SII contribute to the pyramidal tract output to modulate motor unit function (Wiesendanger, 1981) . Appropriate integration of the sensorimotor signals is indispensible for the performance of purposeful and precise movements.
Voluntary movement affects the ability to perceive stimulation from the moving body part (Coquery et al., 1972; Garland et al., 1972; Angel and Malenka, 1982) .
The early somatosensory-evoked potentials (SEPs) to median nerve stimulation may either increase or decrease during active exploratory finger movements (Cohen and Starr, 1987; Knecht et al., 1993) . Enhancement of SII activation has been observed during finger movements (Huttunen et al., 1996) and sustained contraction of the thenar muscles (Forss and Jousmäki, 1998) . The interaction of different sensory inputs is likely to take place at the sensorimotor cortices (Huttunen et al., 1992; Hsieh et al., 1995) . The aim of the present study was to find out how isometric contraction of different muscles influences the activation of the somatosensory cortices.
MATERIALS AND METHODS
Somatosensory-evoked magnetic fields (SEFs) were recorded from eight healthy right-handed subjects (five males, three females; mean age 32 years, range 28-38 years). During the recording, the subject was sitting comfortably in a magnetically shielded room with the head leaning against the helmet-shaped neuromagnetometer. All subjects were experienced in SEF measurements, and they were instructed to keep eyes fixed forward and to ignore the median nerve stimuli.
The left median nerve was stimulated with 0.3-ms constant current pulses once every 2 s. The stimulus intensity was adjusted during the rest condition to produce a visible twitch of the thumb. We first recorded SEFs with a stimulus intensity clearly exceeding the motor threshold (6-9 mA, mean 7 mA) to elicit cortical responses with excellent signal-to-noise ratio. Then, the intensity of the stimulus was decreased (3-5 mA, mean 4 mA) to produce clear tactile sensation without any motor movement. SEFs were recorded during five different conditions: (i) rest without voluntary contraction, (ii) contraction of the masseter muscles, (iii) contraction of the left deltoid muscles, (iv) contraction of the left thenar muscles, and (v) contraction of the left tibialis anterior muscles. The order of these conditions was randomized over subjects. Before the experiment, the subject was instructed to bite moderately with front teeth for masseter activation and to keep a comfortable posture during limb muscle contraction. The contractions were monitored throughout the measurements with surface electromyograms and video camera recordings. Care was taken to avoid any change in the contact of the stimulator with the skin. None of the subjects complained of muscle fatigue after the experiment.
SEFs were recorded with a helmet-shaped 306-channel detector array (Vectorview, Neuromag Ltd, Helsinki, Finland), which comprises 102 identical triple sensor elements. Each sensor element consists of two orthogonal planar gradiometers and one magnetometer coupled to a multi-SQUID (Superconducting QUantum Interference Device) and thus provides three independent measurements of the magnetic fields. The exact location of the head with respect to the sensors was found by measuring the magnetic signals produced by currents led to four head indicator coils placed at known sites on the scalp. The locations of the coils with respect to anatomical landmarks on the head were determined with a 3-D digitizer to allow alignment of the MEG and magnetic resonance (MR) image coordinate systems. MR images of the subjects' brains were acquired with a 1.5-T Siemens Magnetom scanner.
The signals were bandpass filtered (0.03-200 Hz) and digitized at 600 Hz. The analysis period of 800 ms included a prestimulus baseline of 200 ms, and about 120 responses were averaged for each condition. Epochs coinciding with signals exceeding 150 µV in the simultaneously recorded vertical electro-oculogram (EOG) were automatically rejected from the analysis.
The source analysis was based on signals recorded by the 204 gradiometers. To identify the sources of the measured signals, deflections exceeding the prestimulus noise level, about 5 fT/(cmͱHz), were first visually searched to select the time windows and cortical areas of interest for further analysis. During these time windows (from the beginning of the deflection to its return to the baseline level) the magnetic field patterns were first visually surveyed in 2-ms steps to create the initial guess of the number of active sources within that time period and to estimate the stability of the dipolar magnetic field pattern. The equivalent current dipoles (ECDs), best describing the measured data, were found by a least-squares search using subsets of 16-18 channels around the maximum responses. These calculations resulted in the 3-D locations, orientations, and strengths of the ECDs in a spherical conductor model, which was based on subjects' MR images. Goodnessof-fit of the model was calculated and only ECDs explaining more than 85% of the field variance at selected periods of time over a subset of channels were used for further analysis.
After identifying the single dipoles, the analysis period was extended to the entire measurement epoch and all channels were taken into account in computing a time-varying multi-dipole model; the strengths of the previously found ECDs were allowed to change as a function of time while their locations and orientations were kept fixed. The validity of the multi-dipole model was evaluated by comparing the measured signals with responses predicted by the model. If signals of any brain region were left inadequately explained by the model, the data were reevaluated for more accurate estimation of the generator areas. This approach, explained previously in detail , has been successfully used in several of our previous studies Forss et al., 1994a; Forss and Jousmä ki, 1998; Nishitani et al., 1999) . The individual dipole model derived from responses to stimuli above motor threshold was applied to data of all conditions. Statistical significance of results was tested by Student's paired two-tailed t test. Figure 1 shows the distribution of SEFs elicited by stimulation of the left median nerve above motor threshold in subject 1. Several local maxima of the magnetic field gradients suggest that the stimuli activate several source areas. The earliest deflection N20m, peaking at 20 ms and corresponding to N20 in electric measurements, occurred over the right anterior parietal cortex (A), followed by P35m at 29 ms. Longerlatency responses peaked over the contralateral temporal region at 122 ms (B) and over the ipsilateral temporal region at 91 and 140 ms (C). Figure 2 shows the locations of the source areas superimposed on the MR images of the same subject. The 3-dipole model (one dipole in SI and two bilaterally in SII) explained adequately all responses; a single dipole in SI explained satisfactorily both N20m and P35m responses. N20m and P35m were generated in the postcentral wall of the central fissure. The longerlatency responses were generated bilaterally in the upper lips of the Sylvian fissure in parietal operculum. These generator areas agree with the activation of SI and SII cortices reported in previous magnetoencephalographic studies (Hari et al., 1984 (Hari et al., , 1990 Tiihonen et al., 1989; Forss and Jousmä ki, 1998) . The dipole coordinates (Table 1) show on average 5 mm more posterior SII location in the left than the right hemisphere (P Ͻ 0.05) and are in line with those reported previously (Forss et al., 1994b) .
RESULTS
In addition to the activation of the contralateral SI and of the ipsilateral and contralateral SII, the somatosensory stimuli also activated the posterior parietal cortex in two subjects and the mesial paracentral lobule in 1 subject, as reported previously (Forss et al., 1994a (Forss et al., , 1996 . All source areas found in each subject were applied in his or her individual multidipole model. However, the effect of isometric muscle contraction was quantified only on the SI and SII activations. Figure 3 shows the SI and SII source waveforms of subject 2 during all conditions. The early (20-39 ms) SI responses did not clearly change, but the SII responses were differently affected by contraction of various muscles. In line with a previous study , contraction of the left thenar muscles enhanced the SII responses bilaterally. Contraction of the left deltoid muscles also enhanced the SII responses, although the effect was weaker. In contrast, contraction of the masseter and left tibialis anterior muscles slightly decreased the SII responses. Figure 4 shows the mean (ϩSEM; eight subjects) change in amplitudes of the SI and SII responses between contraction and rest conditions. N20m (9.0 Ϯ 2.4 nAm) and P35m (31.1 Ϯ 5.2 nAm) were not significantly changed during contraction, whereas responses from the contralateral and ipsilateral SII (SII c and SII i , 27.4 Ϯ 3.6 and 30.9 Ϯ 5.1 nAm, respectively) were 10-60% stronger during contraction of the left thenar muscles (P Ͻ 0.01 and P Ͻ 0.05, respectively). The SII i responses were significantly enlarged also during contraction of the left deltoid muscles, but reduced during contraction of the masseter and left tibialis anterior muscles; similar effects were also observed on the SII c responses, although those changes did not reach statistical significance. Table 2 shows that the latencies of the SI and SII responses did not differ significantly between the rest and contraction conditions.
DISCUSSION
The present study shows that contraction of various muscles affects differently the activation of the SII cortex. Responses of the left (ipsilateral) SII were enhanced during contraction of the left thenar and deltoid muscles, but decreased during contraction of the masseter and left tibialis anterior muscles. Similar changes were observed in the activation of the contralateral SII, although the effect reached statistical significance only for the thenar muscles. The SI (N20m and P35m) responses did not change significantly with coincident contraction.
The functional significance of the human SII cortex is incompletely understood. In monkeys, unilateral SII lesions impair learning of manual skills (Garcha and Ettlinger, 1978; Ridley and Ettlinger, 1976) . Patients with selected lesions in SII have been found to have tactile agnosia (Caselli, 1993) , and electrical stimulation of the cortex close to SII area may disturb motor activity (Penfield and Jasper, 1954) . SII has been suggested to provide an important link between sensory inputs and motor cortex (Burton, 1986 ). Our results indicate that motor activity from various body parts differentially influences SII activity. In line with a previous study , isometric contraction of the left thenar muscles enhanced SII responses bilaterally. In earlier electric and magnetic studies, the 20-ms responses from the SI cortex increased linearly with the increasing stimulus intensity up to a certain level (Tsuji et al., 1984; Jousmä ki and Forss, 1998) . Thus the stable amplitude of N20m between different conditions in the present study suggests that the stimulus intensity did not differ significantly between the conditions. Attention and vigilance are known to modulate more strongly responses of the SII than the SI cortex (Hari et al., 1990; Mauguière et al., 1997; Mima et al., 1998) . Our experienced subjects were familiar with electric stimuli and tried to ignore them in all conditions. Although we were unable to control their performance in this respect, the mesial activation, previously reported to be closely related to voluntary attention to sensory stimuli (Forss et al., 1996) , was observed in only one subject. Furthermore, the differential effect of contraction of different body parts renders the attentional factors unlikely to explain our present findings.
Gating effects may occur at cortical or thalamocortical sites during active or passive movements, with variable changes in the early (20-45 ms) SEPs (Abbruzzese et al., 1981; Cohen and Starr, 1987; Cheron and Borenstein, 1991) . In our study, short-latency (20-39 ms) responses remained stable during isometric contraction, suggesting that gating the SI responses requires changing cutaneous or proprioceptive input.
The SII responses in right-handed subjects are usually stronger in the left than the right hemisphere (Forss et al., 1994a) , which agrees with anatomical studies showing larger operculum in the dominant hemisphere (Witelson and Kigar, 1992) . Accordingly, we observed more pronounced interaction between motor activity and SII activation in the left than the right hemisphere. However, we cannot rule out the possibility that this observation was due to the difference between the stimulation sides, because the left hemisphere was always ipsilateral to the stimulation.
During finger movements, the SII responses increase to stimulation of the median nerve of the same hand, but tend to decrease to stimulation of the other median nerve (Huttunen et al., 1996) . In our study, contraction of the deltoid and thenar muscles, innervated by motor cortical areas relatively close to each other, enhanced rather similarly the SII responses to wrist stimuli on the same side. In contrast, contraction of the tibialis anterior muscles, still on the same side as the stimulated wrist but innervated by motor areas relatively remote from the area innervating the thenar muscles, suppressed the SII responses. Interestingly, contraction of the masseter muscles, functionally distinct from the thenar and deltoid muscles also attenuated the SII activation.
Thus the modulation of SII activity seems to depend on the topographical proximity of the contracting muscles to the stimulated body part. The effect could take place either by changes of the synchronicity or of the number of activated SII neurons. The dependence of SII activation on motor activity at different body parts implies spatial tuning (Huttunen et al., 1996) , which could be helpful for monitoring and correcting sensorimotor performance. This interpretation is in line with monkey studies (Poranen and Hyvä rinen, 1982) , showing increased responsiveness of SII neurons during behaviorally important input.
